Background: Adolescence is characterized by increasing prevalence of depressive symptomatology, along with significant structural brain development. While much research has examined focal abnormalities in gray matter structure underlying depression, we employed a structural coupling approach to examine whether longitudinal associations between amygdala and cortical development (referred to as maturational coupling) was related to concurrent changes in depressive symptomatology during adolescence. Method: 166 participants underwent up to three MRI scans (367 scans) between 11 and 20 years of age. Depressive symptoms were measured at three coinciding time points using the Center for Epidemiological Studies-Depression scale. Linear mixed models were employed to identify whether change in amygdala volume was related to development of cortical thickness, and if maturational coupling of these regions was related to changes in depressive symptomatology. Results: Positive maturational coupling was identified between the right amygdala and (predominantly anterior) prefrontal cortex, as well as parts of the temporal cortices. Greater positive coupling of these regions was associated with reductions in depressive symptoms over time. Conclusions: Findings highlight significant associations between cortico-amygdalar maturational coupling and the emergence of depressive symptoms during adolescence, suggesting that synchronous development of these regions might support more adaptive affect regulation and functioning.
Introduction
Adolescence is characterized by a dramatic rise in the incidence of depression -the leading cause of disability during the second decade of life in developed countries (World Health Organization, 2014) . Future mental health trajectories are often shaped during this time, with the experience of a depressive symptom during adolescence increasing the likelihood of future disorder onset (Costello and Maughan, 2015) . Research has investigated the neurobiological underpinnings of depression, identifying structural abnormalities in the amygdala, subgenual anterior cingulate cortex (ACC), and various regions of the prefrontal cortex (Dohm et al., 2016; Kerestes et al., 2014; Miller et al., 2015; Singh and Gotlib, 2014) . However, given documented maturation of both subcortical and prefrontal regions during adolescence (Dennis and Brotman, 2003; Goddings et al., 2014; Mutlu et al., 2013; Raznahan et al., 2011b; Tamnes et al., 2010; Vijayakumar et al., 2016) , it can also be speculated that coordinated development of these regions may help support adaptive functioning, while aberrations to this pattern may result in poorer regulatory capacities that have enduring effects on mental health.
Indeed, it is widely theorized that depression emerges from the development of, and interaction between two broadly defined brain systems that work in concert -the subcortical system that supports affect generation and reactivity, and the prefrontal cortex that is involved in the cognitive regulation of affective states (Badcock et al., 2017; Carver et al., 2008; Heller, 2016; Pfeifer and Allen, 2012; Siegle et al., 2007) . Within the subcortical system, the amygdala is the most consistently implicated region in depression, with its extensive functional and anatomical connectivity highlighting the central role this region plays in emotional processing, learning and motivation (Mears and Pollard, 2016) . As such, it is important to characterize coordinated development of the amygdala and PFC regions and understand how this may relate to the emergence of depressive symptomatology.
In comparison to traditional focal approaches, analyses investigating associations between brain regions have the potential to reveal more about cognitive and affective processes characterized by distributed neural activity (Evans, 2013) . Within the structural neuroimaging field, this has resulted in a surge of studies on structural covariance or coupling of gray matter (i.e., how structural properties, such as volume or thickness, of different regions correlate with each other; AlexanderBloch et al., 2013b; Zielinski et al., 2010) . This is frequently hypothesized to arise from coordinated neurobiological development through mutually trophic effects mediated by underlying axonal connections (i.e., Hebbian principals of "neurons that fire together wire together"; Hebb, 1949) . Indeed, past investigations have also documented patterns of maturational coupling (i.e., patterns of correlated change) across the cortical mantle (Lerch et al., 2006; Raznahan et al., 2011a) . However, coupling of subcortical and cortical structures may be particularly relevant to understanding associations between neurodevelopment and depression, as described above.
Only two studies have investigated normative structural coupling between subcortical and cortical structures. Albaugh and colleagues (2013) identified negative coupling between the amygdala and prefrontal structures. While they examined longitudinal data, no agerelated effects were found (i.e., the relationship between amygdala volume and cortex thickness remained constant at any given time from 5-to-23 years of age). However, they did not investigate whether change in amygdala structure over time was related to change in cortical structures. To our knowledge, Walhovd and colleagues (2015) are the only authors to examine this question, showing that development of the hippocampus and basal ganglia were both positively related to cortical development, with greater subcortical reductions being related to greater cortical reductions. Each subcortical structure also exhibited unique coupling with largely non-overlapping cortical areas. Such an investigation is yet to be undertaken on cortico-amygdalar coupling.
In light of research supporting the importance of functional maturational coupling of the cortex and amygdala in affective processes (Gee et al., 2013) , along with research implicating structural brain development in depression Whittle et al., 2014) , it can be hypothesized that similar associations may be present in relation to maturational coupling of structure. Initial research into the functional relevance of structural covariance networks focused on cognitive functions (Lee et al., 2013; Raznahan et al., 2014) , but one recent study investigated associations with behavioral problems. Ameis et al. (2014) found amygdala-orbitofrontal cortex (OFC) coupling varied as a function of externalizing problems in adolescents, with a lack of coupling being associated with higher levels of problems. However there has been no research examining how maturational coupling may relate to internalizing symptoms and associated psychopathology.
Therefore, the current study characterized cortico-amygdalar maturational coupling during adolescence, and subsequently investigated whether this pattern of coupling was related to concurrent changes in depressive symptomatology. We focused on the amygdala given its prominent role in affective processing and prior research implicating functional and structural abnormalities in this region with depression (Kerestes et al., 2014; Singh and Gotlib, 2014) . The research question was addressed in a community sample of adolescents examined longitudinally from 11-to-20 years of age, with up to three brain scans obtained per individual, as well as concurrent assessment of depressive symptoms. While structural correlates of depressive symptomatology have previously been examined in this sample (Whittle et al., , 2011 , this is the initial investigation into structural coupling. We first examined maturational cortico-amygdalar coupling, and given prior findings by Walhovd et al. (2015) , hypothesized positive associations between change in amygdala volume and change in cortical thickness, particularly within regions implicated in modulating amygdala function (i.e., dorsolateral, dorsomedial and ventromedial PFC (dlPFC, dmPFC, vmPFC) , OFC, and inferior parietal cortices; Arnsten and Rubia, 2012; Burnett et al., 2011; Rempel-Clower, 2007) . We subsequently examined whether these patterns of cortico-amygdalar maturational coupling were related to changes in depressive symptomatology. Although exploratory in nature, we hypothesized that adolescents with positive coupling (particularly greater correlated reductions in the size of the amygdala and associated cortical regions) would experience reductions in symptoms over time. In order to examine the specificity of findings to depression, particularly given the predominant role of the amygdala in anxiety (Blackford and Pine, 2012) , we also investigated whether maturational coupling was related to changes in anxiety symptoms.
Methodology

Participants
The current sample was derived from a larger longitudinal cohort enrolled in the Orygen Adolescent Development Study (OADS), conducted in Melbourne, Australia. Students (N=2453) in the final year of primary school were recruited from schools to participate in an initial screening phase, which involved completion of the Early Adolescent Temperament Questionnaire-Revised (EATQR; Capaldi and Rothbart, 1992) . Based on scores, a smaller sample of 415 students were selected by over-sampling adolescents at the extreme ends of the distribution for temperamental factors of Effortful Control and Negative Emotionality to maximize inter-individual differences in psychological well-being (an equal number of participants were invited to participate from the following standard deviation ranges above and below mean: i) 0-1 ii) 1-2 iii) 2-2.5 and iv) greater than 2.5, to emphasize distribution at the tails).
245 adolescents agreed to participate in the broader ADS. Of this sample, a number of adolescents declined participation in the Magnetic Resonance Imaging (MRI) assessments, resulting in 177 participants completing MRI scans at one to three time points when they were aged approximately 13 (time 1: T1), 17 (time 2: T2) and 19 (time 3: T3) years. Based on visual inspection of FreeSurfer processed MRI data (see below for details) by a researcher trained in neuroanatomy, nine participants were excluded due to poor image quality. Two additional participants with full scale IQ less than 70, as assessed by the Wechsler Intelligence Scale of Children -Version IV (Wechsler, 2003) , were excluded from analyses. Following exclusions, 166 participants (n=86 males) aged 11-to-20 years were available for analyses. While this sample had greater variance on temperamental distributions compared to the school-screening sample (due to the sampling strategy, see Table  S1 ), it also exhibited normal distribution on Effortful Control and Negative Emotionality based on the Kolmogorov-Smirnoff test (p > 0.05) and did not present with skewness or kurtosis (estimate/standard error < ± 2).
Seventy-three participants had three scans, 55 had two scans and 38 had one scan. Table 1 provides a breakdown of the number of participants at each time point, and demographic and cognitive characteristics. Males and females did not differ on any of these variables (p > 0.05). The final sample also did not differ from the initial school-screening sample (N=2453) on socioeconomic disadvantage (t (2439) =21.292; p=0.197) or sex (Pearson's χ 2 =2.245; p=0.691). Twenty-eight participants of the final sample met criteria for past or current psychiatric disorder at T1, and an additional 28 and 19 participants met criteria at T2 and T3, respectively, as assessed by the Schedule for Affective Disorder and Schizophrenia for School-Aged Children: Present and Lifetime Version (Kaufman and Schweder, 2004) . Refer to supplementary material (Table S2) for further detail on administration and reliability of KSADS interviews. Table 2 provides further detail on psychiatric diagnoses. The prevalence of psycho-pathology in this sample is consistent with previous reports in large community samples (Merikangas et al., 2010) . Informed consent was obtained from the child and at least one parent/guardian at each time point, consistent with the guidelines of the Human Research Ethics Committee at the University of Melbourne, Australia.
MRI acquisition and analysis
Image Acquisition
At T1, MRI scans were performed on a 3Tesla GE scanner at the Brain Research Institute, Austin and Repatriation Medical Center, Melbourne, Australia, with the following parameters: repetition time=36msec; echo time=9msec; flip angle=35°, field of view=20 cm, 124 T1-weighted contiguous slices (voxel dimensions=0.4883×0.4883×1.5 mm). At T2 and T3, all participants underwent MRI scans on a 3Tesla Siemens scanner at the Royal Children's Hospital, Melbourne, Australia, with the following parameters: repetition time=1900msec; echo time=2.24msec; flip angle=9°, field of view=23 cm; 176 T1-weighted contiguous slices (voxel dimensions=0.9 mm 3 ).
Processing
Images were transferred to an SGI/Linux workstation for analysis at the Melbourne Neuropsychiatry Center, Melbourne, Australia. Cortical reconstruction was performed using the FreeSurfer image analysis suite (http://surfer.nmr.mgh.harvard.edu/), which provides tools for reconstructing topologically correct and geometrically accurate surface models of the inner and outer cortical boundaries, thus deriving anatomical measures such as cortical thickness and volume. To address issues arising from longitudinal and/or multisite studies (such as geometric distortion and voxel dimension drift), images were processed through the longitudinal stream of FreeSurfer 5.3 (Reuter et al., 2012) , which creates a within-subject unbiased template space and average image from both time points using robust, inverse consistent registration. The template is used as an estimate to initialize subsequent segmentation processes in the longitudinal stream for each time point, providing common information regarding anatomical structures, and has been found to significantly increase reliability and statistical power (Reuter and Fischl, 2011; Reuter et al., 2010) . The quality of the cortical reconstruction was visually inspected for all images and manual edits were made where necessary.
Given that different scanners were used at T1 vs. T2 and T3, a reliability analysis was undertaken to address concerns that changes in cortical thickness over time may be due to measurement bias from the different scanner platforms and acquisition parameters. This was relevant for all participants who completed T1 and one or more subsequent waves (i.e., T2 and/or T3). This analysis, involving an independent sample of adults who were scanned at both sites, indicated that changing scanners between T1 and T2 did not produce a systematic bias. Further detail has been outlined in previous papers with the cohort (Dennison et al., 2013; Vijayakumar et al., 2016 Vijayakumar et al., , 2014 and is also presented in the supplementary section.
Internalizing symptoms
At all three time points, depressive and anxious symptoms were measured using the self-report Center for Epidemiological StudiesDepression Scale (CES-D; Radloff, 1977) and Beck Anxiety Inventory (BAI; Beck et al., 1988) . The CES-D contains 20 items that relate to mood, somatic complaints, relations with others, and motor functioning during the past week, while the BAI contains 21 items relating to anxious symptoms in the past week. Both questionnaires have been used extensively on adolescents, and have been found to be valid and reliable measures for this population (Beck et al., 1988; Fusar Poli et al., 2013; Garrison et al., 1991) .
Statistical analysis
Calculating change scores
Given the unbalanced dataset (i.e., different number of scans per individual, and scans from different waves of assessment), traditional change scores using two measurements (i.e., difference between followup and baseline) do not appropriately exploit all available data to improve statistical power and accuracy. Therefore, we calculated a change score for each individual in R as the random slope from linear mixed models (LMM). Random slopes combine information about the individual with that from the rest of the sample, thus allowing us to use all available data for the individual (i.e., one to three scans) to obtain a random slope or change variable. Change scores were calculated following the identification of best-fitting models, undertaken using a model selection procedure that compared the null model (Y = Intercept + d i + d(age) i + e ik ) with the age-alone (Y = Intercept + d i + d(age) i + β 1 (age) + e ik ), age-plus-sex Y = Intercept + d i + d(age) i + β 1 (age) + β 2 (sex) + e ik ) and age-by-sex (Y = Intercept + d i + d(age) i + β 1 (age) + β 2 (sex) + β 3 (age*sex) + e ik ) models. The d i and d(age) i terms represent the random effect of the intercept and age-slope for each i th subject, e ik represents the residual error term, and β represents the parameter estimates of fixed effects (sex, mean-centered age). A more complex model (i.e., has more fixed effects) was chosen if p < 0.05 for the additional parameter and the AIC indicated better model fit (value smaller than two or more). Individual random slopes for age were then extracted from the best-fitting model. Positive and negative change scores represent more increase and decrease, respectively, relative to average group change. For information on correlations between random slopes and traditional difference scores, refer to supplementary material. N. Vijayakumar et al. NeuroImage 156 (2017) [403] [404] [405] [406] [407] [408] [409] [410] [411] Analysis 1: Amygdala change Development of the amygdala was characterized using the procedure outlined above (i.e., Y = amygdala volume), with separate models run for the right and left amygdala. Analyses were also re-run with the inclusion of intracranial volume (ICV) as a covariate to ensure findings were not driven by differences in whole brain size. Random slopes were extracted as a measure of amygdala change and subsequently used as a fixed effect measure in group-level analyses (described below: analysis 2). All 166 adolescents (367 observations) were used to model amygdala development.
Analysis 2: Cortico-amygdala maturational coupling
Vertex-wise cortical thickness analyses were conducted using SurfStat, a statistical toolbox for MATLAB (http://www.math.mcgill. ca/keith/surfstat/), with LMMs used to model cortical development. Change in amygdala volume was incorporated as a fixed effect, and the interaction between age and amygdala change examined maturational coupling. Specifically, for each amygdala (i.e., left and right hemispheres), the following equation was modeled at each j th vertex: Thickness = Intercept + d ij + β 1 (age) + β 2 (Amygdala change) + β 3 (age*Amygdala change) + e ijk· (1)
Analyses were corrected for multiple comparisons using Random Field Theory, set at p < 0.025 (to account for left and right amygdala analyses) and a cluster-defining threshold of 0.001. To aid interpretation of significant age*amygdala change interactions, mean thickness estimates of cortical clusters were extracted for plotting and simple slope analyses. Using these estimates, change scores for each cortical ROI were also calculated as random slopes (as for the amygdala) and subsequently used in analysis 3 (outlined below). Separate models incorporating sex main effects and interactions (i.e., age*sex*amygdala change and all relevant lower-order effects) were also examined. Furthermore, analyses were re-run with the inclusion of ICV as a covariate.
To ensure that inclusion of individuals with a single time-point was not biasing random slope estimates, a subset of analyses 1 and 2 were re-analyzed using individuals with two or three time points alone. Analyses produced identical results to the full sample, suggesting there was no bias introduced by the inclusion of individuals with a single time point (refer to supplementary material).
Analysis 3: Internalizing symptoms and cortico-amygdala coupling
Best fitting developmental models for CES-D and BAI scores were investigated (as above). Subsequently, LMMs examined whether cortico-amygdala maturation was related to change in depressive/ anxious symptoms using the following model:
CES-D/BAI change = Intercept + d ij + β 1 (age) + β 2 (Amygdala change) + β 3 (ROI change) + β 4 (age*Amygdala change) + β 5 (age*ROI change) + β 6 (ROI change*Amygdala change) + β 7 (age*Amygdala change*ROI change) + e ijk· (
This was run for each ROI in combination with each internalizing scale (CES-D, BAI) separately. The three-way interaction specifically addressed whether an association between cortical and amygdala maturation was associated with CES-D/BAI development. Significant findings (following Bonferroni correction for the number of ROIs) were interpreted by plotting effects and testing the significance of simple slopes. Sex main effects and interactions (i.e., age*sex*Amygdala change*ROI change) were only incorporated to the model if sexdifferences were identified in analysis 2 or CES-D/BAI development. Similarly, ICV correction was only undertaken if it was found to influence the results in analyses 1 or 2. Due to missing behavioral data, CES-D analysis was conducted on 161 adolescents with 351 observations, while BAI analysis was conducted on 162 adolescents with 358 observations. For all analyses, we only examined linear developmental trajectories, as opposed to higher order (quadratic/cubic) functions, given the risk of over-fitting data to more complex trajectories when there is a maximum of three data points for each individual, along with limited age variance at each time point.
Results
Descriptive statistics for CES-D and BAI scores, and amygdala volumes, at each time point are reported in Table 3 .
Analysis 1: Best fitting models for the left and right amygdala included a significant main effect of age, characterized by increases in volume with age. The best fitting model for the right amygdala additionally included a significant main effect of sex, with females having smaller volumes than males (but no sex-moderated age effect), while the best fitting model for the left amygdala included a significant age*sex interaction, with males exhibiting greater increases in amygdala volume with age compared to females (see Table 4 ). The inclusion of ICV as a covariate did not change these results.
Analysis 2: Whole brain vertex-wise analyses identified a significant positive relationship between right amygdala volume change and cortical thickness development (i.e., age*amygdala change interaction predicting thickness) within multiple cortical clusters (model statistics reported in Table 5 ).
1 As illustrated in Fig. 1 , these effects were present in the bilateral rostrolateral PFC extending into the OFC and ventromedial PFC (i.e., anterior PFC), anterior insula and parahippocampal gyri, as well as right dlPFC and left vlPFC, fusiform, superior temporal and occipital cortices. Peaks vertices (RFT corrected) were also present in the anterior PFC, fusiform and superior temporal cortex. Graphical plotting of the anterior PFC cluster indicated that adolescents who exhibited less increases in right amygdala volume exhibited more reductions in cortical thickness. Simple slopes of most clusters revealed significant reductions in thickness across the sample, but comparatively greater thinning in those with more reductions in right amygdala volume (see Table S5 ). No significant associations between left amygdala change and cortical development were identified. No sex-moderated effects were present, and neither the inclusion of sex nor ICV as covariates changed the results. In order to examine the specificity of the cortical coupling map to the amygdala, we also examined maturational coupling of another subcortical structure: the thalamus. As depicted in Fig. S3 , the right and left thalamus exhibited significantly different coupling maps to that of the amygdala, supporting the specificity of the amygdala findings.
Analysis 3: Investigation of best-fitting developmental models for internalizing scales revealed that neither CES-D nor BAI scores changed with age for the sample as a whole.
2 Next, LMMs investigated the association between maturational cortico-amygdala coupling and CES-D/BAI development. Sex was not incorporated in these models given there were no sex differences in cortico-amygdala coupling or development of internalizing scales. Similarly, correction for whole brain size was not undertaken given ICV did not affect results of analyses 1 or 2. While maturational cortico-amygdala coupling was not associated with BAI development, it was associated with CES-D development. Specifically, a significant three-way interaction between left anterior PFC development, right amygdala development and age was associated with CES-D scores (p = 0.002), surviving Bonferroni correction for multiple comparisons of 11 ROIs (see Table 6 ). This model also improved fit in comparison to the null-model (AIC value: 2464 vs. 2471). As illustrated in Fig. 2 , adolescents with similar developmental trajectories for the left anterior PFC and right amygdala (i.e., both structures exhibiting greater reductions in size or increases in size relative to the overall sample's trajectories) exhibited reductions in symptoms over time. In comparison, adolescents with opposing developmental patterns for these two structures exhibited increases in symptoms over time. Similar effects were identified in the right anterior PFC (p=0.019), anterior insula (p=0.010) and parahippocampal gyrus (p=0.011), as well as left superior temporal (p=0.020) and occipital (p=0.012) cortices. These effects did not survive correction for multiple comparisons, but the inclusion of these terms improved model fit over the null model for all regions apart from the anterior insula (see Table  S6 for model statistics and Table S7 for simple slopes analyses). Neither the addition of SES, IQ or baseline CES-D scores into these models changed the association between maturational coupling and CES-D development. Furthermore, 6% of this sample took antidepressant medication over the course of this study. Controlling for medication use also failed to change the results. Finally, the exclusion of participants with a diagnosis of MDD at any point over the course of the study produced similar results, suggesting that findings were not solely driven by participants with clinical diagnoses.
Exploratory whole brain analyses revealed overlapping regions of significance, providing some support for the specificity of results to these ROIs (see Fig. S5 ). In order to further address the question of specificity of these regions to CES-D development, we examined coupling between the amygdala and an un-related cortical region based on analysis 2 (specifically the left supplementary motor cortex, see Fig.  S6 for visualization of this region of interest). Consistent with the whole brain analyses, coupling between the left supplementary motor cortex and right amygdala was not associated with CES-D development (see Table S6 ).
Although not of primary relevance to the research question, exploratory analyses revealed that development of neither the right amygdala nor any of the ROIs identified above were associated with CES-D scores (i.e., models with main effect of brain development alone) or change in CES-D scores (i.e., models with age*brain development interaction and main effects; see Table 6 for anterior PFC results). 
Discussion
This study identified positive maturational coupling between the right amygdala and various frontal and temporal cortices. Maturational coupling between the right amygdala and left anterior PFC was also associated with development of depressive symptomatology during adolescence. Specifically, greater positive coupling between these two regions was associated with reductions in depressive symptoms. This finding was specific to depressive symptomatology, with no such relationship identified with changes in anxiety symptoms. We hypothesize that this symptom specificity is reflective of the importance of maturational coupling during this time period for depression, which tends to have a later onset than anxiety problems (Kessler et al., 2007) .
As hypothesized, adolescents exhibited positive coupling between changes in amygdala volume and changes in various frontal and temporal cortical structures. In order to interpret these findings, it is important to consider the pattern of change within each region. Amygdala volume increased with age in our sample of adolescents, along with predominant reductions in cortical thickness (documented previously in this sample by (Vijayakumar et al., 2016) . As such, positive coupling likely represents greater reductions in cortical thickness combined with less increase in amygdala volume. This is in line with the only other study to examine the relationship between changes in cortical and subcortical structures, finding positive maturational coupling of the cortex with the hippocampus and striatum in healthy adolescents (Walhovd et al., 2015) . Although Albaugh et al. (2013) previously identified negative cortico-amygdalar coupling in their healthy adolescent sample, their investigation did not examine changes in subcortical structures over time. Furthermore, they identified a negative coupling across 5-23 years of age. Our finding of positive maturational coupling actually supports this continued inverse association, as negative maturational coupling (i.e., reductions in amygdala volume being associated with increases/less reductions in cortical thickness) may result in a reversal of the cross-sectional relationship with age.
The exact mechanisms underlying structural covariance/coupling, and thus maturational coupling, remain unknown. However, it is commonly interpreted as reflecting anatomical and/or functional connectivity between brain regions (Alexander-Bloch et al., 2013a) . Support for the "anatomical" hypothesis also comes from studies that have identified partial convergence between structural coupling networks and diffusion-based white matter networks (Gong et al., 2012) , and interestingly, many of the cortical regions identified in this study have direct anatomical connections to the amygdala, such as the OFC, medial temporal cortices and anterior insula. However, there is also support for similarities between functional connectivity and structural covariance networks (Raznahan et al., 2011a) , and many of the identified cortical regions in this study are functionally linked to the Fig. 1 . a) Significant interactions between age and right amygdala change predicting cortical thickness, following RFT correction for multiple comparisons (cluster (blue) / vertices (red): p < 0.05). Mean thickness estimates for the left anterior PFC cluster was extracted and used for plotting. As depicted in b), adolescents with less increase in amygdala volume exhibited more cortical thinning with age. amygdala through their involvement in affective processes. The OFC and ventromedial PFC are involved in the regulation of affect and motivation (Arnsten and Rubia, 2012) , while the lateral prefrontal structures (i.e., dlPFC and vlPFC) are involved in voluntary forms of emotion regulation such as cognitive reappraisal and behavioral/ impulse control (Kalisch, 2009; Ochsner and Gross, 2008) . Past neuroimaging studies have revealed functional coupling between these regions when processing affective stimuli (Banks et al., 2007; Kanske et al., 2011; McRae et al., 2010; Ochsner and Gross, 2005; Ochsner et al., 2004) and functional connectivity during resting-state (Roy et al., 2009) . Functional activity in the parahippocampal gyri, a region thought to play an important role for learning in the context of emotional arousal (Squire and Zola, 1996) , has been found to be influenced by amygdala activation (Packard et al., 1994; Packard and Teather, 1998; Roesler et al., 2002) . The anterior regions of the temporal lobe are also active during conditions of social and emotional salience, particularly when engaging in mentalizing processes (Blakemore, 2012) , while the anterior insula is thought to play an important role in emotional awareness by integrating stimulus-driven interoceptive signals with top-down information (Gu et al., 2013) . As such, it is also plausible that maturational coupling between the amygdala and these cortical structures may arise from synchronous activity during affective processing. The functional relevance of this maturational coupling network was highlighted by the study's second aim, which found that greater positive maturational coupling between the right amygdala and left anterior PFC (encompassing the rostrolateral PFC, OFC and ventromedial PFC) was associated with concurrent reductions in depressive symptoms over adolescence. Thus it can be inferred that synchronous development of the amygdala and this prefrontal region might be associated with better affect regulation, and potentially top-down control of the amygdala. In support of this hypothesis, the OFC and ventromedial PFC are involved in the modulation of autonomic responses and generation of affect associated with emotional stimuli, and through their interactions with the dlPFC and vlPFC are also involved in executive functions that regulation affect. Furthermore, an association between this prefrontal region and the amygdala has consistently been implicated in neuroimaging studies of depression; for example, prior research has identified reduced functional coupling between the amygdala and OFC in individuals with depression when processing affective stimuli (Dannlowski et al., 2009; Matthews et al., 2008) , as well as during resting conditions (Ramasubbu et al., 2014) . Furthermore, DTI literature implicates abnormal white matter integrity in the uncinate fasiculus, a major tract connecting the amygdala and the OFC, in individuals with depression (Aghajani et al., 2013) . Similar trending associations were identified with the right anterior PFC, as well as bilateral temporal cortices and anterior insula.
In comparison, development of neither the amygdala nor any of these cortical regions were individually associated with changes in depressive symptoms, thus providing further support for the functional relevance of the cortico-amygdalar maturational coupling network. This is also in line with the growing field of evidence that depression is characterized by impairments in functional and anatomical connections across distributed brain regions (Bracht et al., 2015; Mulders et al., 2015) . While research on brain morphometry and activation has been important for advancing our understanding of depression thus far, there is increasing awareness of the interconnectivity across the brain and the distributed nature of activity that subserves affective and cognitive processes. Along with advances in image acquisition and analytic techniques, this has resulted in greater network-based investigations in depression (Hamilton et al., 2013) . This brain-behavior association begs the question as to whether maturational coupling arises from experience-dependent plasticity (i.e., engagement of these cortical and subcortical regions in affective processes) or mutually trophic influences on these brain regions. This issue of the microstructural basis of neuroanatomical covariance (extending on macrostructural "connectivity" outlined above) has been supported by both hypotheses. Reciprocal anatomical connections present early in development may have mutually trophic effects that lead to growth across these regions in a coordinated manner (Hebb, 1949) , which might ultimately support more adaptive affective functioning. However, use-dependent synchronous firing can also induce synaptogenesis between neurons, thus potentially resulting in covariance at a macro-anatomical level if it involves a large number such of connections (Alexander-Bloch et al., 2013a; Evans, 2013) . We cannot comment on this question of causality given the observational nature of this study, but it remains an important area for future investigation as it would inform our understanding of either the neurotoxic effects of depressive symptoms on brain development trajectories, or of neurobiological processes that could be targeted by preventative interventions. A role for experience-dependent plasticity would particularly highlight this network as a potential indicator of intervention efficacy at a neurobiological level. Similarities of our structural coupling maps with functional and white matter networks implicated in affective processes also emphasize the value of examining N. Vijayakumar et al. NeuroImage 156 (2017) [403] [404] [405] [406] [407] [408] [409] [410] [411] gray matter properties using a similar network-based approach that may, in the future, help link information on structure, anatomical connections and function, thus ultimately improving our understanding of the neurobiological underpinnings of affective processes and associated psychopathology. Limitations of the study include automated segmentation of the amygdala, which has been found to be less reliable than manual tracing (Morey et al., 2009 ). However, we chose to employ FreeSurfer given that reliability is also a concern for manual tracing of large samples. We also examined the amygdala as a single unit, as this region is comprised of distinct subnuclei with differing connectivity patterns (Alarcon et al., 2015) . Future investigations that segment this region into its subcomponents may identify more detailed cortical coupling patterns. Furthermore, it is uncertain why maturational coupling maps were not identified with the left amygdala. Although a qualitative hemispheric difference as laterality was not statistically tested, similar differences have been identified in prior studies (Walhovd et al., 2015) , while others have chosen to examine coupling of the left and right amygdala as a unitary structure (Albaugh et al., 2013) . Therefore, future investigations with quantitative evaluation of these hemispheric differences are needed to better understand these findings. As with other correlational analyses of "networks", it is uncertain whether associations between brain regions represent unidirectional or bidirectional influences, or if development is linked to another common factor (i.e., gene expression). Our MRI scans were also acquired multisite, and there is a possibility of scanner/sequence bias affecting morphological estimates. However, post-acquisition procedures were adopted to minimize scanner effects on the acquired images. Our previous work has shown no interscanner bias (Dennison et al., 2013; Vijayakumar et al., 2016 Vijayakumar et al., , 2014 , and furthermore, it is unlikely that the measure of depressive symptomatology interacted with scanner type in a way that might bias the reported results. However, this remains an important limitation of the study that should be addressed in future investigations.
Despite these caveats, the current study has a number of important strengths. Our repeated assessment of both brain and psychopathological symptoms within participants allowed us to examine individual differences in the relationship between neurobiological maturation and affective functioning. Additionally, our risk-enriched community sample increased variance in affective symptomology, thus providing greater power to detect associations with the brain. This unique design enabled us to identify novel cortico-amygdalar maturational coupling associated with concurrent changes in depressive symptomatology. Our findings support the importance of examining associations between regions in structural neuroimaging given the distributed nature of neural function underlying affect.
